The development and screening of microsatellite markers has been accelerated by next 35 generation sequencing (NGS) technology and in particular GS-FLX pyro-sequencing (454). 36
Introduction 55
The explosion of next generation sequencing (NGS) technology has been a substantial 56 catalyst for the progression of research in all fields of molecular genetics (Mardis, 2008; 57 be the most popular due to the production of longer sequence reads of 400-500 bp (see review 79
of Zalapa et al., 2012) . whereas PGM semiconductor technology is considered to sit between second and, the single 92 molecule approach, of third generation sequencing (Schadt et al., 2010) . PGM sequencing has 93 thus far been effective in the shotgun sequencing of microbial genomes (Egan et al., 2012) and the addition of bovine serum albumin at 2% (Table 2a and 2b) . Amplifications were 212 completed in a Veriti thermocycler (Applied Biosystems) with one of the following 213 conditions: 1) 96°C for 2 min, 40 cycles at 95°C for 30 s, variable annealing (see Table 2a and 214 2b) for 1 min and 72°C for 30 s followed by 72°C for 5 min and a 4°C holding step or, 2) 215
223
For each locus we calculated the number and range of alleles, observed and expected 224 heterozygosity and polymorphic information content using CERVUS (Kalinowski et al., 225 2007 ). In addition, we checked for deviation from Hardy-Weinberg Equilibrium (HWE) and 226 linkage disequilibrium for all pairs of loci using GENEPOP 3.4 (Raymond, Rousset, 1995) . P 227 values from HWE and linkage disequilibrium tests were adjusted for multiple tests of 228 significance using the method of Benjamini and Hochberg (1995 null alleles, scoring error due to stuttering, and large allele drop out (Table 2a and 2b) . 231
232
We conducted a simulation experiment to investigate the effect that different size distributions 233 and coverage may have on the discovery of microsatellites and their primer design. We 234 randomly sampled the human genome (version GRCh37.p5) to generate data sets that 235 represented the different read length distributions of the PGM and GS-FLX platforms, at 236 several levels of genome coverage (0.01x, 0.04x, 0.07x, 0.1x). 237
238
In order to detect platform specific differences, independent of read length distribution and 239 read number, we made reduced data sets from the real sequence data of both platforms, where 240 each reduced data set contained the same number of reads as the real GS-FLX data set and 241 followed the same read length distribution as the PGM data set. To create these reduced data 242 sets, first we randomly chose reads from the PGM data to equal the number of reads in the 243 corresponding GS-FLX data set, then we truncated the reads of the GS-FLX data so they had 244 the same read length distribution as the PGM data set. All simulated or reduced data sets were 245 analysed by QDD in the same manner as described above for microsatellite discovery and 246 primer design. 247
248

Results 249
Returned sequence data 250
The differences between the results from the two NGS platforms and the two phyla used to 251 assess these sequencing methods are summarised in Table 1 PGM and GS-FLX platforms was also reflected in the higher proportion of microsatellites 271 contained in angiosperm sequences compared to gymnosperm sequences (Table 1) . 272
273
There were no detectable differences between the two NGS platforms or between the two 274 phyla (gymnosperm and angiosperm) in the most common microsatellite motifs found (i.e. 275
AT; AAT and AAG motifs were the most common; Supplementary Material 2). However, 276
there was a comparative difference in terms of the proportional distribution of certain motif 277 types within each nucleotide class. For example, PGM sequencing returned a higher 278 proportion of AG dinucleotide and both ATC and AAG trinucleotide microsatellites than GS-279 FLX sequencing, whereas, GS-FLX sequencing returned a higher proportion of AT 280 dinucleotide and AAT trinucleotide microsatellites than PGM sequencing (Supplementary 281
Material 2). Both PGM and GS-FLX platforms were consistent in terms of the differences in 282 the proportional distribution of motif types among species, as the two gymnosperms had a 283 higher proportion of AC dinucleotides and AAC and ATC trinucleotide microsatellites than 284 the angiosperm, which had a higher proportion of the AT and AG dinucleotides and AGC 285 trinucleotide microsatellites, for both platforms (Supplementary Material 2) . 286
287
Microsatellites of unique sequences 288
A high number of microsatellite containing sequences could be used for primer design for 289 both platforms. When considering the number of microsatellite containing singleton 290 sequences (unique microsatellite sequences) with a successful stringent primer design, their 291 percentage to the total number of UMSs was higher in GS-FLX than PGM sequences (1421% GS-FLX; 8-12% PGM; angiosperm species (RB), which was 2.6 repeat units on average longer than the other species 308 and for the comparable data from this angiosperm on the other platform (Fig. 3a) . There was 309 no difference between platforms in the number of motif types (e.g. AT or AG) within each 310 nucleotide class (e.g. dinucleotide; Table 1 ). In addition, when comparing between the two 311 platforms for each individual species, the average difference between the proportion of each 312 nucleotide class (Fig. 2 ) and the average number of repeat units of each nucleotide class ( By using the reduced PGM and GS-FLX sequence data sets, we tested if there are platform 320 specific differences, apart from the read length and number of reads. Microsatellite content 321 and the proportion of UMS with successful primer design were not different between the 322 platforms (Table 3) . Interestingly, the proportion of singletons remained significantly lower 323 (34-50% GS-FLX; 76-86% PGM; Table 3 ; t=6.9 d.f. 3 P=0.003) and the consensus sequences 324
were significantly higher with the reduced GS-FLX data set than for the reduced PGM data 325 set (7-17% versus 0.5-2%; Table 3 ; t=-3.7 d.f. 2 P=0.03). With low coverage data, few 326 sequences are expected to cover the same locus, thus the high proportion of GS-FLX 327 consensus sequences are likely to indicate a bias towards sequencing interspersed repetitive 328 regions in the GS-FLX data set. However, a similar proportion of microsatellite containing 329 reads between the reduced data set of the two platforms suggests, that there is no important 330 platform specific bias towards sequencing microsatellite containing regions. 331
332
In order to investigate the effect of read length on the number of markers with stringent 333 primers we randomly sampled the human genome at four different levels of data coverage. 334
For all coverage levels two samples were generated, one following the PGM data set read 335 length distribution (named HG_PGM samples) and the other the GS-FLX data set read length 336 distribution (named HG_GS-FLX samples). In this way, the only difference between samples 337 of the same coverage was the read length distribution and consequently the number of reads, 338 and they were free from all potential platform induced bias (Table 4) . Independent of the levelof coverage, 83% of the HG_PGM sequences were longer than 80bp (limit used in QDD 340 pipeline), while in the HG_GS-FLX samples, it was 95%. The percentage of reads containing 341 microsatellites was 3-4% for HG_PGM sequences and 7% for HG_GS-FLX sequences, 342 independently of coverage level. As a result, for each coverage level a very similar number of 343 raw microsatellite containing sequences were obtained (Table 4) PGM sequencing produced many more sequences, and a higher number of UMS than GS-372 FLX sequencing, regardless of phyla. As a consequence, primers could be designed for a 373 larger number of microsatellite sequences (Table 1 ; t=2.7 d.f. 3 P=0.04). As dinucleotide 374 microsatellites were the most common, they were also the dominant microsatellite for which 375 primers could be designed (Table 1) . The average repeat length of PGM sourced dinucleotide 376 microsatellites, for which primers could be designed (design levels A-G in QDD), was 0.5 377 repeat units shorter than those sourced from GS-FLX sequencing, and this was consistent 378 among species (Fig 3b; t=-11 .7 d.f. 4 P<0.001). The trinucleotide class of microsatellites 379 followed a similar pattern to the dinucleotides (0.4 repeat units shorter with PGM sequencing; 380 t=-1.3 d.f. 2 P=0.32), except for the GS-FLX sourced angiosperm which was 1.5 repeat units 381 longer that the others. There was no clear pattern amongst the other motif classes (Table 1) . 382
The average product length from primers designed based on GS-FLX sequences (design 383 levels A-C as recommended by QDD) was 35-47 bases longer than PGM (Fig 1; t=-12 .6 d.f. 3
Of the 19 MR microsatellite loci, 17 were polymorphic (Table 2a) with the total number of 388 alleles ranging from two to fourteen. Four loci (two PGM and two GS-FLX sourced) showed 389 significant deviation from Hardy-Weinberg equilibrium (P<0.05) due to heterozygote 390 deficiency (Table 2a) . Locus MR2 showed evidence of null alleles at the target site (Table  391 2a). None of the other loci showed evidence for large allele drop out, or evidence of scoring 392 error due to stuttering. No loci showed evidence of linkage disequilibrium. 393 394 All of the twelve PD microsatellite loci were polymorphic with the total number of alleles 395 ranging from three to twelve (Table 2b ). Eight loci (three PGM and five GS-FLX sourced) 396 showed significant deviation from Hardy-Weinberg equilibrium (P<0.05) due to heterozygote 397 deficiency, and showed evidence of null alleles (Table 2b) results that indicate PGM was comparatively less expensive per run, required less DNA for a 418 sequence run, and was faster for sequence preparation (ligation etc.) and instrument running 419 times than the GS-FLX platform (Table 1) . 420
421
In terms of the sequence output obtained, the major difference between the two platforms was 422 the number of sequences and their length, as PGM sequencing produced a larger number of 423 sequences than GS-FLX, albeit with a shorter average repeat length. Interestingly, the PGM 424 sequence output contained a higher proportion of sequences that were unique within species 425 (41-58%), in comparison to GS-FLX sequencing (21-29%). This is unexpected, since due to a 426 higher coverage with PGM data (1-5%) than GS-FLX data (<1%), a smaller number of 427 singletons were expected for this data set, as demonstrated by the human genome simulations 428 (Table 4) . However it should be acknowledged, that the reduction of redundancy in the QDD 429 pipeline used in this study, does not only mean making consensus sequences from highly 430 similar reads, but also eliminating potentially problematic reads, that could come fromrepetitive regions. Such detection, depends on the read length and genome coverage, and thus 432 affects the two data sets differently. 433
434
Our simulations from the human genome using PGM and GS-FLX sequence size distributions 435 allowed us to study the effect of read length distribution, regardless of coverage, and potential 436 platform specific biases. For equal coverage, despite the higher number of reads of the PGM 437 distribution data, the number of sufficiently long sequences with microsatellites was similar 438 for the two size distributions. Among these sequences, a lower percentage of unique 439 sequences in GS-FLX distribution data was mainly due to the high proportion of grouped and 440 multihit sequences. Grouped sequences show either partial similarity to other sequences, or 441 their similarity is not high enough to suppose that they are reads of the same locus. Although 442 there is no experimental proof that primers designed for them cannot amplify a unique PCR 443 product, it is unwise to use them if there are a sufficiently high number of unique sequences. 444
As expected, our simulations showed that the chance of detecting partial similarity between 445 sequences increases with read length. Multihit sequences are detected by the presence of more 446 than one local alignment between two sequences, suggesting that they contain a sequence 447 region repeated within a read. Therefore, unlike unique sequences, they are less likely to 448 provide good support for PCR amplifications. As for grouped reads, their detection also 449 depends on read length and therefore, is easier for GS-FLX than for PGM sequences. Thus, 450 the lower percentage of unique sequences following the GS-FLX read length distribution data 451 set is not necessarily a disadvantage, since overall they may amplify better than unique 452 sequences from PGM distribution, where the detection of the potential problems, such as 453 partial similarities between sequences or intra-sequence repetitions, is more difficult.distribution were suitable for stringent primer design. In summary, for equal coverage levels 456 of the human genome, the GS-FLX size distribution data set produced a higher number of 457 potential markers, with an overall PCR success rate likely to be higher. Therefore, a trade-off 458 between the two platforms must be considered: due to its high throughput, the PGM platform 459 returns many more UMS at comparably less financial cost, but the GS-FLX platform returns 460 longer sequence lengths that proved better for microsatellite selection because there is a 461 higher chance to contain microsatellites with enough flanking regions, and longer read length 462 allowing the detection of potentially repetitive regions. However, these results are based on 463 simulated data to compare the effect of coverage and read length, and do not take into account 464 other potential platform specific biases. 465
466
To test whether the high proportion of unique sequences in our experimental PGM data set 467 was due only to the shorter read length, or was also a result of platform specificities other than 468 coverage and read length, we compared the proportion of unique and consensus sequences in 469 the reduced data sets originating from both platforms, but containing the same number of 470 sequences and following the length distribution of the PGM data. However, when considering the levels of polymorphism of the markers developed and tested 516 on the two gymnosperm species from the two platforms there was no significant difference. 517
This indicated that obtaining successful microsatellite markers and their level of 518 polymorphism was not dependent on the platform from which the microsatellite sequences 519 were discovered. 520 521 Interestingly, the two NGS platforms consistently showed the same patterns, in terms of the 522 number of microsatellites and their characteristics, even when considering the different 523 genomes of gymnosperms and angiosperms. For example, both platforms showed AT to be 524 the most common motif type, which is congruent with other studies on plants (Dieringer, 525 have a higher proportion of AC dinucleotides (11-29% more) than the angiosperm, which also 527 supports the evidence for this dinucleotide being a major component of their genome in 528 comparison to angiosperms (Schmidt et al., 2000) . In addition, sequences from both platforms 529 indicated that the angiosperm genome contained a greater proportion and diversity (i. eliminates sequences with high proportion of low complexity regions and intra-read 549 repetitions of blocks of sequences. QDD also makes consensus sequences from highly similar 550 reads and eliminates reads with partial similarities, but it is not designed to replace dedicated 551 genome assemblers. The dominant alternative approach is the PAL_finder pipeline (Castoe et 552 al. 2012) for Illumina reads, which uses the number of exact matches of primers against the 553 whole dataset to evaluate redundancy and/or repetitiveness of a region. It is an elegant 554 approach that is able to treat Gigabases of the short sequences produced by Illumina, 555 however, it cannot account for natural variation between alleles, copies of repetitive elements 556 or sequencing errors, when counting only exact matches. QDD is thus a more conservative 557 approach, which can be valuable in reducing wet-lab cost while setting up markers, but it is 558 slower, and does not work well with short reads and very large datasets produced by Illumina. 559
Both bioinformatics pipelines are based on relatively low coverage data (Castoe et al., 2012 ; 560 Meglécz et al., 2010 ). PAL_finder's most stringent selection is based on primer pairs that 561 both appear only once in the dataset, thus selects loci that have not been sequenced more than 562 once. Thus, Gigabases of sequence data for a genome of 100-200 Mb, would result in a high 563 coverage, and would give few unique loci for primer design with either of the two pipelines. 564
In this case, the most efficient way of analysing the data would be to assemble them first and 565 use contigs for microsatellite research and marker development. On the other hand, species 566 with large genomes and low microsatellite density, such as the two species in this study, 567 would definitely benefit from large datasets, even at the expense of obtaining shorter read 568 length. A meaningful comparison of the QDD and the PAL_finder pipelines, as well as 569 comparisons of the behaviour of the data produced by different platforms (including 570 Illumina), would be very desirable. However, these comparisons would be complex and 571 beyond the scope of the current paper, since the principle of redundancy elimination of the 572 two pipelines are quite different, and they are both influenced by genome coverage and read 573 length issues. 574
575
Conclusions 576
Our multi-species comparison between PGM (Ion Torrent) and GS-FLX (454) platforms 577
showed that a trade-off needs to be considered when choosing a NGS platform for 578 microsatellite discovery, as the smaller sequence size of the PGM platform resulted in shorter 579 dinucleotide microsatellites (0.5 repeat units shorter in length), but returned a significantly 580 larger number of markers to screen at a comparatively lower cost and shorter run time than 581 the GS-FLX sourced markers. We also show that both NGS platforms showed no species bias 582 in microsatellite characteristics, which were congruent with the available evidence on the 583 specific genome content of the gymnosperm and angiosperm phyla, or the level of marker 584 polymorphism, suggesting that limited consideration needs to be given to these issues when 585 choosing a NGS platform. The ongoing improvement to the sequence quality and capacity of 586 these NGS platforms will alter the differences observed between the PGM and GS-FLX 587 platforms, including the increased read lengths of sequences, which will minimise the 588 disadvantage of shorter microsatellite motifs and limited flanking regions for primer design, 589 particularly for sequences sourced from the PGM semi-conductor platform. 590 Proportion of UMS for which primers were designed (stringent A+B+C) 0.14 0.14 0.14 0.14 0.27 0.27 0.27 0.27 
